I. INTRODUCTION
The selenium and germanium isotopic chains exhibit a complex nuclear structure and have long been a rich testing ground for nuclear structure models. Their properties are driven by shape coexistence and rapid shape changes all the way from the N = Z line into the A ≈ 70 mass region [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . On the other side of the nuclear chart, the most neutron-rich selenium and germanium isotopes accessible for experiments are around the magic neutron number N = 50. Considerable experimental and theoretical efforts have recently been focused in this region on the investigation of the shell structure approaching the doubly-magic nucleus 78 Ni, see for example [14] [15] [16] [17] [18] . The description of nuclei in this region poses a challenge for shell-model calculations since the full pf shell and the neutron g 9/2 intruder orbital would be needed with the corresponding effective interaction. Presently, smaller configuration spaces have to be used, typically starting from a 56 Ni core and including the p 3/2 , f 5/2 , p 1/2 and g 9/2 orbitals [19, 20] . Experimental information is important to guide the emerging shell-model effective interactions in this region.
In the present paper we report the experimental results of the intermediate-energy projectile Coulomb excitation and inelastic scattering on a 9 Be target for the N = 50 isotones 82 Ge and 84 Se. While Coulomb excitation with fast projectile beams allows for the sensitive study of the B(E2; 0 + gs → 2 + 1 ) ≡ B(E2 ↑) excitation strength in even-even nuclei -a measure of the low-lying quadrupole collectivity - 9 Be-induced inelastic scattering provides access to collective structures beyond the first 2 + state. Measured B(E2 ↑) electric quadrupole excitation strengths along line of N = 50 isotones are compared to large-scale shell-model calculations with three different effective interactions. The evolution of collectivity along the Se and Ge chains is further confronted with mean-field calculations. The population of higher-lying states in the 9 Be-induced inelastic scattering of 84 Se is discussed in comparison to inelastic proton and α scattering on stable selenium isotopes.
II. EXPERIMENT
The measurements were performed at the National Superconducting Cyclotron Laboratory (NSCL) on the campus of Michigan State University. The neutron-rich projectile beams containing 82 Ge and 84 Se were produced in-flight by fragmentation of a 140 MeV/u 86 Kr primary beam provided by the Coupled-Cyclotron Facility at NSCL. 9 Be foils with thicknesses of 432 mg/cm 2 and 329 mg/cm 2 , respectively, served as production targets for the two different secondary beams. The fragments of interest were selected with the A1900 fragment separator [21] ; an achromatic 210 mg/cm 2 aluminum wedge degrader located at the mid-acceptance position of the fragment separator was used. The total momentum acceptance was restricted to 2% for 82 Ge and 1% for 84 Se. The setting optimized on 84 Se resulted in a pure (> 99.5%) secondary beam. The purity of the cocktail beam containing 82 Ge was 32%. Gold and beryllium targets used to induce projectile Coulomb excitation and inelastic scattering, respectively, were located at the target position of the S800 spectrograph [22] . The identification of the scattered projectiles and the trajectory reconstruction used to derive the scattering angles on an event-by-event basis utilized the de- 82 Ge after interaction with the gold target. Plotted is the energy loss measured with the S800 ionization chamber versus the time of flight measured between the plastic trigger scintillator at the back of the S800 focal plane and a timing scintillator at the spectrograph's object position.
tection systems of the spectrograph's focal plane, consisting of an ionization chamber, two xy-position-sensitive cathode-readout drift chambers and a plastic timing scintillator [23] . An example of the identification of the scattered projectiles emerging from the gold target is shown in Fig. 1 for the setting optimized on 82 Ge, where the energy loss measured with the S800 ionization chamber versus the ion's time of flight measured between two plastic scintillators is displayed.
82 Ge can be clearly separated from the other constituents of the cocktail beam that contained 83 As as the largest contaminant. The reaction target located in front of the S800 spectrograph was surrounded by the high-resolution γ-ray detection system SeGA, an array of 32-fold segmented high-purity germanium detectors [24] . The segmentation of the detectors allowed for an event-by-event Doppler reconstruction. The angle of the γ-ray emission was deduced from the position of the segment that registered the highest energy deposition. The detectors were arranged in two rings (90
• and 37
• central angles with respect to the beam axis). The 37
• ring was equipped with seven detectors, while ten and nine detectors were located at 90
• for the Coulomb excitation and 9 Beinduced inelastic scattering measurements, respectively. The energy-dependent photopeak efficiency of the setups was determined with standard 152 Eu and 226 Ra calibration sources.
III. RESULTS AND DISCUSSION

A. Intermediate-energy Coulomb excitation
Coulomb excitation is a widely used experimental technique to assess the low-lying quadrupole collectivity in nuclei. In projectile Coulomb excitation, exotic nuclei, produced as beams of ions, are scattered off stable high-Z targets and are detected in coincidence with the deexcitation γ rays that tag and quantify the inelastic process [25] [26] [27] . While beam energies below the Coulomb barrier prevent nuclear contributions to the excitation process, very peripheral collisions must be chosen in the regime of intermediate-energy Coulomb scattering to exclude nuclear contributions. This can be realized by restricting the data analysis to scattering events at very forward angles, corresponding to large minimum impact parameters, b min , in the collisions of projectile and target nuclei [25] . Impact parameters exceeding 1.2(A 1/3 p + A 1/3 t ) + 2 fm ("touching sphere + 2 fm") have been proven sufficient to ensure the dominance of the electromagnetic interaction [28] [29] [30] . Au by the electromagnetic field of the projectiles passing through the target was observed. Figures  2 and 3 show the γ-ray spectra detected in coincidence with the different scattered projectiles. Angle-integrated Coulomb excitation cross sections σ(θ ≤ θ max ) were determined from the efficiencycorrected γ-ray intensities of the 2
gs transitions relative to the number densities of the gold targets and the number of projectiles passing through the targets. The efficiencies were corrected for the Lorentz boost and the γ-ray angular distribution in intermediate-energy Coulomb excitation [31] and absorption in the gold target. The semi-classical Winther-Alder theory [31] [32, 33] . Figure 4 shows the systematics of the reduced electric quadrupole excitation strength B(E2; 0 + → 2 + 1 ) for the N = 50 isotones from zinc to molybdenum. The experimental results are compared to shell-model calculations using the jj4b, jj4pna [14] and the JUN45 [20] effective interactions. Similar to the work on E2 transition rates in N = 50 isotones by Ji and Wildenthal [34] , proton effective charges of e p ≈ 2 were used [55] . The need for a rather large proton effective charge, compared to e p = 1.5 typical for calculations in the sd shell, for example, is indicative of missing neutron core excitations across the N = 50 shell gap in the f 5/2 , p 3/2 , p 1/2 , g 9/2 model space. The three effective interactions differ markedly for 82 Ge and 84 Se while they show very similar trends at Z = 30 and for Z ≥ 36. Calculations with jj4b and jj4pna agree [14] (ep = 2.12), jj4pna [14] (ep = 2.03) and the JUN45 [20] (ep = 2.00) effective interactions. The effective proton charge, ep, was chosen for each interaction to get closest to the experimental data. The need for fairly high effective charges of ep ≈ 2 illustrates the importance of core excitations across the N = 50 shell gap which are outside of the employed model space. The experimental data stems from the present work and references [6, 7, 17, 33, 35, 36] .
It is apparent from the comparison in Fig. 4 that for the N = 50 isotones the calculated B(E2 ↑) values of 82 Ge and 84 Se are particularly sensitive to details of the shell-model effective interaction. The two valence proton orbitals being filled between Z = 28 and Z = 38 are f 5/2 and p 3/2 . The sensitivity arises from the details on how these orbitals are occupied. Their filling is largely determined by their effective single-particle energy (ESPE) gap and how it changes between 78 Ni and 88 Sr. The ESPE were calculated for proton particle states relative In the extreme case of a large gap, the 84 Se ground state has an (f 5/2 ) 6 closed-shell configuration with an occupancy of n(f 5/2 ) = 6. For 84 Se, the f 5/2 occupancies are correlated with the ESPE gap in 88 Sr. The most highly mixed configuration is obtained with jj4pna and this is associated with a low energy for the excited 2 + 1 (1.18 MeV) together with a B(E2 ↑) strength, which is almost twice as large as experiment (see Fig. 4 ). This is an indication that the p 3/2 − f 5/2 ESPE gap for this interaction is too small at Z = 34.
The ground state occupancy for 82 Ge on the other hand is correlated with the ESPE gap for 78 Ni. The JUN45 Hamiltonian gives a B(E2 ↑) value which is almost a factor of two smaller than experiment (see Fig. 4 ). However, for JUN45 there is considerable E2 strength to the second 2 + state at 2.18 MeV (50% of the strength to the 1.50 MeV state). This fragmentation may be related to parts of the Hamiltonian that go beyond the monopole terms that determine the ESPEs.
In Fig. 5 , the B(E2 ↑) values in the chains of selenium (A = 68 − 84) and germanium (A = 64 − 82) isotopes are compared to (beyond) mean-field calculations using the constrained Hartree-Fock Bogoliubov (HFB) with mapping on the 5-dimensional collective Hamiltonian [37] approach that uses the D1S Gogny force, abbreviated here by CHFB-5DCH, (upper panel) and to results from HFB calculations using the HFB-17 parameterization [38] (lower panel). For the comparison to HFB-17, the quadrupole deformation parameters β 2 were translated into B(E2 ↑) values via β 2 = 4π 3ZR 2 B(E2 ↑)/e 2 , where the sharp-surface radius R was deduced consistently from R 2 = 5 r dominates the nuclear structure. HFB-17 approximately reproduces the trend for the germanium isotopes heavier than A = 70 and at N = Z but also overpredicts the collectivity for A = 66 − 70. The selenium isotopes are not well described by HFB-17.
B. Inelastic scattering from
9 Be
In addition to the Coulomb excitation, inelastic scattering off 9 Be was measured. Here, one expects nuclear excitations to dominate and to give access to states beyond the first 2 + excitation in 84 Se and 82 Ge. A 9 Be target with a thickness of 188 mg/cm 2 was used to induce the inelastic excitations at 87.6 MeV/nucleon and 92 MeV/nucleon mid-target energies for 82 Ge and 84 Se, respectively.
The γ-ray spectra detected in coincidence with scattered 82 Ge and 84 Se are shown in Fig. 6 . In the spectrum of 82 Ge, only the de-excitation of the first 2 + state at 1348 keV is visible. Overlayed is the in-beam background obtained from an off-prompt gate on the trigger-γ-timing. The only obvious structures above background in 82 Ge are the full-energy peak of the 2 248 Cm fission fragments [39, 40] . The corresponding γ-ray transition energy for the decay to the 2 + 1 level is E γ = 938 keV. Un-fortunately, the prompt background is very high at this energy and it was only possible to establish an upper limit of 60 counts in the full energy peak which corresponds to an upper limit for the cross section of σ(4 [16] , from prompt γ-ray detection following fission-fragment spectroscopy [43, 44] and from β decay [45, 46] . The intense transition at 667 keV was reported in several of the previous measurements and has been attributed to the decay from the first 4 + state to the 2 + state, placing the 4 + 1 yrast level in 84 Se at 2122 keV excitation energy [16, 43, 44] . The transition at 2462 keV matches the energy of the ground-state decay of the second 2 + state. With the 2 + 2 state populated in the inelastic scattering, one would also expect to see its 1007 keV transition to the first 2 + state at a branching ratio of 42% corresponding to about 80 counts. In the spectrum there seems to be no clear indication of a peak with this intensity, however, the background is high in this energy region. The 2090 keV transition could either be the ground-state decay of the (1 − ) state at 2097(11) keV reported only from (t, p) two-neutron transfer [42] , ormore likely -the 2087 keV transition that depopulates an excited state at 3542 keV with suggested (2 + , 3 − ) assignment based on the population in β decay [45, 46] . The second, weaker (15.8 (7) Inelastic α [48] and proton scattering [49] [50] [51] [49, 50] . To help quantify these measured inelastic channel yields we have performed macroscopic (deformed) coupled-channels calculations [52] .
The required projectile-9 Be interactions were estimated by doublefolding the point neutron and proton densities of 82 Ge and 84 Se (obtained from spherical Hartree-Fock calculations [53] ) and of 9 Be (assumed a Gaussian with rms radius of 2.36 fm) with an effective nucleon-nucleon interaction [54] . Radii R 0 = 1.1A 1/3 fm were used in computing deformation lengths, B(E2 ↑), etc. For 82 Ge, the B(E2 ↑) of Table I Sr. From comparison to experiment it is indicated that the relevant ESPE gap for the jj4pna effective interaction is too small at Z = 34 while the JUN45 Hamiltonian predicts the E2 strength fragmented over the first and second 2 + states.
The quadrupole collectivity along the germanium and selenium chains is compared to Skyrme Hartree-Fock Bogoliubov (HFB) calculations using the HFB-17 force and to constrained HFB calculations extended by the generator coordinate method and mapped onto a 5-dimensional collective quadrupole Hamiltonian (CHFB-5DCH with Gogny D1S force). CHFB-5DCH describes well the trend of the quadrupole collectivity beyond A = 74 for both isotopic chains but overpredicts the B(E2 ↑) values towards the N = Z line where shape-coexistence occurs. HFB-17 approximately reproduces the trend for the germanium isotopes heavier than A = 70 and at N = Z but also overestimates the collectivity between A = 66 and 70. The selenium isotopes are not well described by the HFB-17 parameterization.
In
9 Be-induced inelastic scattering, the first 4 + state of 84 Se was populated with significant intensity while there was no indication of a similarly strong population of the corresponding state in 82 Ge. The excitation of the 4 + state is discussed in comparison to inelastic α and proton scattering data on stable selenium nuclei and coupledchannels calculations, however, its explanation remains a challenge for future reaction theory and nuclear structure calculations.
